Mechanosensitive (MS) channels are universal cellular membrane pores. Bacterial MS channels, as typified by MS channel of small conductance (MscS) from Escherichia coli (EcMscS), release osmolytes under hypoosmotic conditions. MS channels are known to be ion selective to different extents, but the underlying mechanism remains poorly understood. Here we identify an anion-selective MscS channel from Thermoanaerobacter tengcongensis (TtMscS). The structure of TtMscS closely resembles that of EcMscS, but it lacks the large cytoplasmic equatorial portals found in EcMscS. In contrast, the cytoplasmic pore formed by the C-terminal β-barrel of TtMscS is larger than that of EcMscS and has a strikingly different pattern of electrostatic surface potential. Swapping the β-barrel region between TtMscS and EcMscS partially switches the ion selectivity. Our study defines the role of the β-barrel in the ion selection of an anion-selective MscS channel and provides a structural basis for understanding the ion selectivity of MscS channels.
, and Maojun Yang a,2 M echanosensitive (MS) channels are the most ancient and universal membrane pores and are found in all eukaryotic and prokaryotic cells (1) (2) (3) . In response to mechanical forces, MS channels open, facilitating the passive flow of particles from higher to lower concentrations (3, 4) . In bacteria, MS channels serve as emergency valves that open upon membrane tension and rapidly release cytoplasmic osmolytes when cells are osmotically challenged, thus allowing the organisms to survive under hypoosmotic shock and to grow in a wide range of external osmolarities (1) (2) (3) . In mammals, MS channels have been implicated in diverse biological and physiological processes, including cell growth, cell volume regulation, blood pressure control, hearing, touch, balance, and pain sensation (5) . Dysregulation of MS channels has been linked to many diseases, such as neuronal and muscular degeneration, arteriosclerosis, hypertension, cardiac arrhythmia, and glaucoma (3, (5) (6) (7) .
The MS channel of small conductance (MscS) channel is one of the best-characterized MS channels, with a conductance of ∼1 nS (8) (9) (10) (11) . The MscS channel consists of a transmembrane (TM) domain and a large cytoplasmic domain that is conserved in the MscK and MscM channels (1, 2, 10) . Previous structural studies of the MscS channel from Escherichia coli (EcMscS) provide a framework for the interpretation of biophysical and functional data and provide clues to the molecular mechanisms that govern channel gating (10) (11) (12) . As indicated by biochemical characterization (13) and confirmed by structural studies, the functional MscS channel is a homoheptamer (10) (11) (12) . The structural study of the EcMscS A106V mutant showed that substantial rotational rearrangement of the TM region results in an increase in the pore size, presumably reflecting EcMscS channels in an open state, which is also consistent with electron paramagnetic resonance spectroscopy studies (11, 14) . A structural comparison of EcMscS in the closed state with the EcMscS A106V mutant revealed striking conformational changes in the TM domain but not in the cytoplasmic region (11) . However, subsequent physiological (15) and biophysical (16, 17) studies suggest that the cytoplasmic region also undergoes a large conformational change when the channel is open. The MscS channels in microbes identified thus far display different ion selectivities (1, 2) . For example, EcMscS has a slight anion preference (P Cl /P K ∼1.5-3) (8, 13, 18), whereas its homolog, MscMJ from Archaea, prefers cations (P K /P Cl ∼5.0) (19) . In contrast, the MscS-like channels in plants tend to be selective for anions, as exemplified in tobacco (P Cl /P K ∼9.5) and Arabidopsis (P Cl /P K ∼22.5) (20, 21) . The molecular mechanisms underlying the ion selectivity of these channels are still poorly understood, in large part owing to the lack of the structural studies of an MscS channel with strong ion selectivity.
In this study we identified an anion-selective MscS channel from Thermoanaerobacter tengcongensis (T. tengc). Although they share a similar overall structure, TtMscS and EcMscS channels are strikingly different with respect to the pore formed by the β-barrel region. Electrophysiological studies using chimeras and single mutants strongly support the hypothesis that the anion selectivity of TtMscS is mainly conferred by the β-barrel region. In summary, our current study identifies an anion-selective channel and defines the molecular mechanism underlying its anion selectivity.
Results
TtMscS Is an Anion-Selective Mechanosensitive Channel. We set out to express MscS channels from different species in E. coli MJF612 (mscL::Cm, mscS − , mscK::Kan, and ybdG::apr) and/or MJF429 (mscS − , mscK::Kan) strains and to test the ion selectivity of these channels using patch-clamp methods on giant spheroplasts as described previously (8, 22, 23) . One MscS channel from T. tengc (TtMscS) exhibited anion selectivity, whereas the EcMscS channels used as controls showed almost no ion preference under the same conditions (Fig. 1A) . We further purified the proteins and verified their electrophysiological activities in a patch-clamp system using in vitro reconstituted giant liposomes. In asymmetric KCl solutions (150 mM/15 mM), TtMscS exhibited an average reversal potential of −39 ± 1.7 mV (n = 4 patches) compared with To whom correspondence may be addressed. E-mail: yangli@mail.shcnc.ac.cn or maojunyang@ tsinghua.edu.cn.
This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10. 1073/pnas.1207977109/-/DCSupplemental. −4 ± 1.5 mV for EcMscS (n = 4 patches) under the same conditions ( Fig. 1B ; the correlative ion-permeating ratios are shown in Table S1 ). Under the asymmetric ion strength condition of a KNO 3 solution, the average reversal potential measured from both single-channel currents and macroscopic currents was −52 ± 1.3 mV (n = 6 patches), corresponding to an anion-to-cation (P NO3 :P K ) permeability ratio of ∼28:1 (Fig. S1 A-C) , which is close to the anion selectivity of GABA receptors (P Na :P K :P Cl ∼0:0.03:1) (24, 25) . Further tests of other anions showed that the relative permeability of TtMscS followed the order of NO 3
Taken together, these results demonstrate that TtMscS is an anion-selective MS channel.
TtMscS Has an Overall Structural Fold Similar to That of EcMscS. To understand the molecular mechanism of the anion selectivity of TtMscS, we solved its crystal structure at 3.44 Å resolution ( Table S2 ). In the crystal, each asymmetric unit comprises seven TtMscS protomers, consistent with the EcMscS channel fold, forming a homoheptamer channel ( Fig. 2 A and B) . The heptamer extends ∼117 Å parallel to the sevenfold axis and is ∼87 Å in width in the perpendicular direction (Fig. 2B ). In each TtMscS protomer, the TM region consists of three α-helices (TM1, TM2, and TM3) ( Fig. 2C and Fig. S2A ). The curved TM3 has a pronounced kink at TtMscS Gly109 and can be further divided into TM3a and TM3b ( Fig. 2A and Fig. S2A ). The N termini of the three TM α-helices face the periplasm, whereas the C termini protrude into the cytoplasm. TM3 lines the channel pore (Fig. S2C) .
Similar to EcMscS, TtMscS has a large cytoplasmic domain that comprises a middle β-domain, an α/β-domain, and a C-terminal extension, forming an interior chamber of ∼30 Å in diameter (Fig.  2 B and C and Fig. S2B) (10, 11) . The middle β-domain mainly consists of a five-stranded antiparallel β-sheet (β1-β5) with a highly conserved 3 10 helix (η1) sitting on its top and the C-terminal portion of TM3b from the transmembrane region running across its opening. Immediately following the middle β-domain is a mixed α/β structure, formed by β6-β9 and α4-α5 (Fig. S2A) . The isolated C terminus of β10 in each monomer forms a seven-stranded parallel β-barrel (residues 271-282), resulting in the formation of a second potential channel pore (referred to as the β-barrel pore hereafter) (Fig. 2) . The structure of TtMscS closely resembles that of EcMscS in the closed conformation, with an rmsd of 2.04 Å over 103 Cα atoms of the TM domain. The structure is notably different from that of EcMscS in the open state, with the largest difference located in the TM region, which has an rmsd of 8.7 Å (Fig. 2C) . These structural observations suggest that the conformation of TtMscS in the crystal reflects a nonconducting state.
TtMscS Has Smaller Equatorial Portals than EcMscS. The cytoplasmic equatorial portals of EcMscS are proposed to be responsible for ion permeation (10) (11) (12) 16) . Sequence alignment revealed that the three bulky TtMscS residues, Phe157, Met243, and Trp246, that line the portals are substituted with their smaller equivalents, Ala58, Gly244, and Gln247, respectively, in EcMscS (Fig. 3A) , thus greatly reducing the size of the portals in TtMscS. The portals in TtMscS have radii of only 1.7 Å, which is much smaller than those in EcMscS (3.4 Å in radius) ( Fig. 3B and Fig. S3 A  and B) . The smaller portals in TtMscS seem unlikely to be caused by a closed conformation, because the cytoplasmic portion of EcMscS has a similar conformation in both the closed and open states (Fig. S3C) (10, 11) .
β-Barrel Pores of TtMscS and EcMscS Differ in Size and Electrostatic
Potential. To locate the potential site of ion entry in TtMscS, we calculated the radii along its axial passage with the program HOLE (26) . The following two constriction sites were found along the channel for ion passage: one in the TM region and the other in the β-barrel region (Fig. 4A) . The former has a size similar to the TM constriction site in EcMscS (closed state): ∼2.4 Å in radius compared with ∼6 Å in the open state of EcMscS (Fig. 4A and  Fig. S4 ). In contrast, the size of the C-terminal β-barrel region restriction site in TtMscS (3.85 Å in radius) is much larger than that of its equivalent in EcMscS (1.75 Å in radius). The reduced size of the β-barrel pore in EcMscS results from the two bulkier residues, EcMscS Met273, Phe277 , compared with their counterparts, TtMscS Thr272, Leu276 , that line the inner side of the pore (Fig. 4B) . In addition to the size difference in the β-barrel pore, the patterns of electrostatic potentials of TtMscS and EcMscS inside the pore and around the β-barrel region are markedly different. In TtMscS, the β-barrel region exhibits an alternating distribution of electrostatic potential starting from the inner surface (Fig. 4C) . The pattern of potential distribution is nearly reversed in the corresponding regions of EcMscS (Fig. 4C) .
β-Barrel Region Confers the Anion Selectivity of TtMscS. Our structural analyses suggest that the β-barrel pore of TtMscS may serve as the ion entrance and may thus play an important role in ion selection. To test this hypothesis, we substituted TtMscS Leu276 ( Fig. 4B ) with a bulky tyrosine residue, which is expected to shrink the size of the β-barrel pore and consequently attenuate or block channel activity. The purification profile of the TtMscS L276Y mutant protein was identical to that of the wild-type protein, according to a gel filtration assay (Fig. S5) . Our electrophysiological assay showed that the resulting channel exhibited no activity, indicating that the β-barrel pore may serve as a major ion permeation site in TtMscS. To further support this conclusion, we created chimeric TtMscS and EcMscS channels with swapped β-barrel regions (after the conserved PYP motif of the C terminus; Fig. 2A ) and tested their activities. The TtMscS chimera (TtMscS-Ecβ) was significantly compromised in anion preference, with a reversal potential of −6 ± 1.2 mV (n = 4; Fig. 5 A and B) , which is comparable to that of the wild-type EcMscS (−4 mV) in an asymmetric KCl solution (150 mM/15 mM) (Fig. 1B) . This result strongly supports a critical role for the β-barrel pore of TtMscS in ion selectivity. The striking effect generated by the chimeric mutation was not caused by a structural perturbation in the channel because the β-barrel pore in the crystal structure of TtMscS-Ecβ has a nearly identical pore size and electrostatic surface as that of EcMscS, and the other parts of the chimera are identical to those of the wild-type TtMscS (rmsd = 0.48 Å in 235 Cα atoms) (Fig. S6) . The reciprocal chimera EcMscS-Ttβ was converted into an anion-selective channel with a reversal potential of −16 ± 1.6 mV (n = 6) ( Fig. 5 A and C) . One plausible explanation for the weaker anion selectivity of EcMscS-Ttβ compared with that of TtMscS is that the portals in the chimera may also contribute to ion permeation. If this were the case, blocking the portals in the chimera would increase ion selectivity and reduce conductance. Indeed, the A158F mutation in EcMscS-Ttβ, which is expected to reduce the radii of the portals (Fig. 3B) , resulted in a channel with higher ion selectivity, as indicated by the reversal potential of −24 ± 1.7 mV (n = 3) and lower conductance (Fig. 5C ). This is functional evidence for the involvement of the EcMscS portals in ion permeation, which has been widely hypothesized on the basis of structural and modeling studies (1, 2, 10-12, 16, 27).
Charge Distributions and Pore Size Are Critical for the Anion Selectivity of TtMscS. To further confirm the importance of the β-barrel region in TtMscS anion selectivity, we mutated TtMscS Glu278 to its equivalent, EcMscS Arg279 (Fig. 6 A and B) . The mutation was expected to alter TtMscS ion selection if the electrostatic potential around this area plays a role in this process. Remarkably, the single mutation dramatically altered the reversal potential of the channel from −39 to 2 ± 0.7 mV (n = 4) (Figs. 1B and 6C) , indicating that the channel changed from being highly anion selective to having almost no selectivity. Interestingly, mutation of the same residue to alanine produced a less striking effect on channel selectivity (−30 ± 2 mV, n = 4) (Fig. 6C) . Thus, the charge distributions (Fig. 6A) are critical for the anion selectivity of the channel, with pore size playing an auxiliary role. Taken together, the different patterns of the pore size and electrostatic potentials surrounding the β-barrel pore between TtMscS and EcMscS likely contribute to the distinct ion selectivity of the two channels.
Discussion
Ion selectivity is a common theme for ion channel studies. Typical anion-selective, ligand-gated ion channels have a small but -100mmHg
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EcMscS-Tt -16mV Left: Single-or two-channel openings recorded at +50 mV from the EcMscS-Ttβ channel and its A158F mutant, with reversal potentials of −16 ± 1.6 mV (n = 6 patches) and −24 ± 1.7 mV (n = 3 patches), respectively, derived from the I-V curves shown at Right. The salt gradient is same as that in Fig. 1B. significant permeability to cations, such as the GABA receptor (P Na :P K :P Cl ∼0:0.03:1) (24) and the Gly receptor (P Cl :P Na ∼25:1) (25). The voltage-dependent anion channels on the mitochondrial outer membrane are less selective with respect to anions and cations, with a permeation ratio of approximately 2:1 (28). However, the structural molecular mechanisms of these anion channels are not well defined. In the present study, we identified a type of MscS channel from T. tengc that exhibited strong anion selectivity to NO 3 − and moderate selectivity to Cl − , which is valuable for mechanistic studies of the ion selection of MscS channels. The striking structural and electrostatic potential differences between the TtMscS and EcMscS channels around the portals and β-barrel regions suggest that they use distinct routes for the permeating ions. Compared with EcMscS, TtMscS has smaller equatorial portals and a larger β-barrel pore (Figs. 3 and  4) , suggesting that the β-barrel pore is the main entrance for ion passage in TtMscS. Our functional studies of various mutant channels, including chimera (Fig. 5), mutant chimera (Fig. 5C ), and single mutant (Fig. 6C ) channels, provide strong evidence that the β-barrel pore is an important structural determinant for ion passage and selection in TtMscS.
The TtMscS cylindrical β-barrel pore has a partially positive inner surface and a large size of 3.85 Å (Fig. 4) . It seems to be optimal for the passage of many hydrated or partially hydrated anions, such as NO 3 − (3.4 Å), Cl − (3.32 Å), Br − (3.3 Å), and I − (3.31 Å in radius) (Fig. S7A) (29) . Interestingly, the cylindrical β-barrel pore in TtMscS is strikingly similar to the mouth of the ion channel pore of the anion-selective eukaryotic glutamate-gated chloride (GluCl) channel in both charge distribution (partially positive charge) and size (∼3.8 Å in radius). As suggested by the structure of the GluCl channel (30) , in which the iodide or chloride binding sites nestled in the electropositive pockets at the base of the pore determine the ion selectivity, we propose that the positive inner surface of the β-barrel pore region of TtMscS also forms "anion pockets" that would repel cations and attract anions. The negative electrostatic potentials external to the β-barrel pore may also contribute to ion selectivity (Fig. 6A) . One possibility is that TtMscS Glu278 traps the cations in the area flanking the pore, thus blocking their entry into the pore (Fig. S7) . Consistent with this hypothesis, mutations of a single acidic residue (TtMscS Glu278 ) outside the β-barrel pore in TtMscS compromised its ion selectivity (Fig. 6C) . The observation that the TtMscS E278R mutant lost anion selectivity (Fig. 6C ) is also consistent with this hypothesis. Our structural and electrophysiological data strongly support the idea that the β-barrel of TtMscS is the main constriction site critical for anion passage and selection.
Blocking the β-barrel pore with the TtMscS L276Y mutant resulted in a loss of TtMscS channel activity, suggesting that its portals may not be important for ion permeation, consistent with their smaller size in the structure (Figs. 3B and Fig. S3A ). In contrast, the portals in EcMscS are likely involved in ion passage because blocking them in the chimera EcMscS-Ttβ with the EcMscS-Ttβ A158F mutation greatly diminished the channel conductance ( Fig. 5C and Table S1 ). This result provides functional evidence to support the hypothesis that the portals in EcMscS are important for ion passage (1, 2, 10-12, 16 ). In addition to the side portals, the β-barrel pore of EcMscS seems to have a role in ion permeation, given that the TtMscS-Ecβ chimera was still active (Fig. 5B) . Previous studies indicate that the β-barrel in EcMscS is important for channel activity (27, 31, 32) . Comparison of the closed and open structures of EcMscS shows that there is no striking difference in the radius of the β-barrel pore size (∼2 Å in radius) (Fig. 4A , Right, and Fig. S4 ) (10, 11) , but this does not rule out the possibility of the involvement of the β-barrel pore in EcMscS in ion permeation when the channel is in the fully open state under high mechanical pressure. Other MS channels with weak ion selectivity, such as MscL, which lacks the large cytoplasmic domain (33) (34) (35) , and MscK, which has both a large cytoplasmic and an extracellular domain (36) , may use different mechanisms for ion selection, with one possibility being that the transmembrane domain may also play a role in ion selection.
In summary, in the present study, we identified an anion-selective MscS channel that has strong selectivity for NO 3 − and moderate selectivity for other anions. Our structural and electrophysiological data support a critical role for the β-barrel region of TtMscS in anion selection. The ion-selective filter of the TtMscS channel localized at the cytoplasmic C-terminal rather than at the transmembrane domain, in contrast to most anion-selective channels. We propose that both the electrostatic potential and the size of the β-barrel pore contribute to the anion selectivity. These results expand our view of the variable ion selectivity of MscS channels and may contribute to a better understanding of the fundamental question of the mechanism of anion channel selectivity.
Methods
TtMscS and the TtMscS-Ecβ chimera were expressed and purified from E. coli strain C43. Crystals were grown at 18°C by the hanging-drop vapor diffusion method. Diffraction data were collected at Shanghai Synchrotron Radiation Facility BL17U, and the structure was solved by molecular replacement. Data collection and structure refinement statistics are summarized in Table S2 . The wild-type and mutant proteins were reconstituted into liposomes composed of 1-palmitoyl-2-oleoyl-phosphatidylethanolamine and 1-palmitoyl-2-oleoylphosphatidylglycerol, as previously described (13) . Electrophysiological experiments were conducted using a patch-clamp system on giant liposomes and spheroplasts. The reversal potentials and permeability ratios were calculated under biionic or mixed-ionic conditions.
